An automated method for analyzing a nodule and a com puter Storage medium Storing computer instructions by which the method can be implemented when the instructions are loaded into a computer to program the computer. The method includes obtaining a digital image including the nodule, Segmenting the nodule to obtain an outline of the nodule, including generating a difference image from chest image, identifying image intensity contour lines representa tive of respective image intensities in a region of interest including the nodule, and obtaining an outline of the nodule based on the image intensity contours, extracting features of the nodule based on the outline; applying features including the extracted features to at least one image classifier; and determining a likelihood of malignancy of the nodule based on the output of the at least one classifier. In one embodi ment, extracted features are applied to a linear discriminant analyzer and/or an artificial neural network analyzer, the outputs of which are thresholded and the nodule determined to be non-malignant if each classifier output is below the threshold. In another embodiment, a common nodule appearing in an X-ray chest image and a CT image is Segmented in each image, features extracted based on the outlines of each Segmented nodule in the respective X-ray chest and CT images, and the extracted features from the X-ray chest image and CT images merged as inputs to a common classifier, with the output of the common classifier indicating the likelihood of malignancy. The invention relates generally to a method and System for the computerized analysis of radiographic images, and more Specifically, to the determination of the likelihood of malignancy in pulmonary nodules using arti ficial neural networks (ANNs). 0004 . The present invention also generally relates to computerized techniques for automated analysis of digital images, for example, as disclosed in one or more of U.S. Pat. Nos. 4, 839, 807; 4, 841, 555; 4, 851, 984; 4, 875, 165; 4, 907, 156; 4, 918, 534; 5, 072, 384; 5, 133, 020; 5, 150, 292; 5, 224, 177: 5, 289, 374; 5, 319, 549; 5, 343, 390; 5, 359, 513; 5, 452, 367; 5, 463, 548; 5, 491, 627; 5, 537, 485; 5, 598, 481; 5, 622, 171; 5, 638, 458; 5, 657, 362; 5, 666, 434, 5, 673, 332, 5, 668, 888; 5, 732, 697; 5, 740, 268; 5, 790, 690; 5, 832, 103; 5, 873, 824; 5, 881, 124; 5, 931, 780; 5, 974, 165; 5, 982, 915; 5, 984, 870; 5, 987, 345; 6, 011, 862; 6, 058, 322; 6, 067, 373; 6, 075, 878; 6, 078, 680; 6, 088, 473; 6, 112, 112, 6, 138, 045; 6, 141, 437; 6, 185, 320; 6, 205.348 Radiology 198,671-678 (1996) . 0028. As disclosed in the above-cross-referenced Inter national application No. PCT/US99/25998, in an effort to determine whether a nodule was benign or not, the outline of a nodule was drawn manually by radiologists. Various objective features were determined by use of the outline, and the likelihood of malignancy was determined by use of artificial neural networks (ANNs). Receiver operating char acteristic (ROC) analysis indicated an encouraging result, that the AZ value of the ANN output was greater than the average AZ value obtained by radiologists in distinguishing between benign and malignant nodules. However, if a manual proceSS were required for radiologists to draw the nodule outline, the practicality for utilizing the computer output as a Second opinion to assist radiologists image interpretation would be limited.
SUMMARY OF THE INVENTION
0029. Accordingly, an object of this invention is to pro vide a new and improved automated computerized method and System for implementing a computer-aided diagnostic (CAD) technique to assist radiologists in distinguishing benign and malignant lung nodules. 0.030. Another object of this invention is to provide a new and improved automated computerized method and System for the analysis of the likelihood of malignancy in Solitary pulmonary nodules on chest images, wherein manual iden tification of nodules is avoided or simplified. 0.031) Another object of this invention is to provide a new and improved method and System for the analysis of the likelihood of malignancy in Solitary pulmonary nodules using image classifiers including a linear discriminate ana lyZer and artificial neural networkS. 0032. A further object of this invention is to provide a new and improved method and System for the analysis and determination of the likelihood of malignancy in Solitary pulmonary nodules whereby it is possible to reduce the number of follow-up CT imaging ordered by radiologists. 0033. Another object of this invention is to provide a computer program product including a storage medium Storing a novel program for performing the Steps of the method. Nov. 21, 2002 0034. These and other objects are achieved according to the invention by providing (1) a new and improved method for analyzing a nodule, (2) computer readable medium Storing computer instructions for analyzing a nodule, and (3) a System for analyzing a nodule. The method, on which the computer instructions and the System of the present inven tion are based, includes obtaining a digital chest image in which a location of a nodule is identified; generating a difference image from chest image; identifying image inten sity contour lines representative of respective image inten Sities in a region of interest including the nodule; and Segmenting the nodule based on the image intensity contours to obtain an outline of the nodule.
0035 Upon obtaining an outline of the nodule, the method further includes generating objective measures cor responding to physical features of the outline of the nodule; applying the generated objective measures to at least one classier, which may be a linear discriminant analyzer and/or an artificial neural network (ANN); and determining a likelihood of malignancy of the nodule based on an output of the at least one classifier. 0036). According to another aspect of the present inven tion, there is provided a novel automated computerized method, computer readable medium Storing computer instructions for analyzing a nodule, and System for the analysis of the likelihood of malignancy in Solitary pulmo nary nodules on chest images, wherein the location of a nodule in a chest radiograph is first manually indicated in a chest image, and a difference image including the identified nodule is produced by use of filters and then represented in a polar coordinate System. The nodule is then Segmented automatically by analysis of contour lines of the gray-level distribution based on the polar-coordinate representation. 0037. Once the nodule is segmented, clinical parameters (age and sex) and plural image features determined from the outline or texture analysis for inside and outside regions of the Segmented nodule are Subjected to linear discriminant analysis (LDA). A combination of Selected plural features is evaluated as input to an artificial neural networks (ANN).
The results of classification by the LDA and ANN establish thresholds defining whether a nodule is benign or not.
BRIEF DESCRIPTION OF THE DRAWINGS
0038 A more complete appreciation of the invention and many of the attendant advantages thereof will be readily obtained as the same becomes better understood by refer ence to the following detailed description when considered in connection with the accompanying drawings wherein: image with the location of a nodule identified (step S10).
This can be accomplished by Subjecting a chest radiograph to the nodule identification routines disclosed in the above cross-referenced U.S. Pat. Nos. 4, 907, 156; 5, 289, 374; 5, 790, 690; 6, 111, 862; and/or U.S. Pat. No. 6, 141, 4327, or any known automated technique for nodule location identi fication. Furthermore, in a typical application of the present invention, a radiologist may upon examining a chest radio graph decide that he/she would like to have a particular Suspect region double-checked by a computer programmed to perform the Steps of the invention. In that case, the radiologist need only manually identify the location of the Suspected nodule in the radiograph, using a touch Screen, mouse input, trackball input, or other Such input mechanism. Thus, in step S10, the operation of the present invention begins with obtaining a digital image with the location of a nodule identified, either automatedly or by manual input from a radiologist. 0.058 Next, in step S20, a difference image is formed (see Reference 3 and U.S. Pat. No. 4, 907, 156) , which is created by Subtraction of a Suppressed image obtained with a ring average filter from an enhanced image obtained with a matched filter. The difference image has a unique feature in that the nodule is Selectively enhanced compared to the background structures, and thus the outline of the nodule in the difference image can be identified more reliably by computer than that in the original image. It should be noted that accurate Segmentation of lung nodules on the original images is very difficult when the nodule is overlapped with ribs, which is commonly the case. The difference image technique has been used as an initial Step for extracting candidates of lesions Such as nodules in chest radiographs (see Reference 4) and microcalcifications in mammograms (see References 5 and 6) for computer-aided diagnostic (CAD) schemes. According to a preferred embodiment of the method for automated nodule Segmentation of the present invention, a polar coordinate analysis is performed whereby the ROI (300x300 matrix size) for a nodule in the difference image is then converted to a polar coordinate System, as illustrated in FIGS.3(a) and 3(b). Presumably other coordinate systems may be employed, but the use of a polar coordinate System is convenient for the generation of contour lines according to the present invention, and is therefore preferred.
0060. The polar coordinate representations in FIGS. 3(a) and 3(b) were created by defining the center of the ROI, which is generally at the largest pixel value. In performing the method shown in FIG. 10 , in the next step S30, gray-level contour lines are then drawn at various gray levels in the difference image, with an increment of 10 gray levels below the largest pixel value. In the examples shown in FIGS. 3(a) and 3(b), the distance from the center to the contours in the radial direction at every 10 degrees was determined. The polar coordinate representation in FIGS.
3(a) and 3(b) were created by plotting of the radial angle on the horizontal axis and the radial distance on the vertical axis. It should be noted that this representation of contour lines can indicate Some image features Such as the edges of a nodule, rib edges, and gradual changes in gray-level distributions. For example, a sharp edge due to the edge of a nodule can be recognized by many contour lines in a short distance, and a gradual change in pixel values can be recognized by a large gap or a Small number of contour lines within a given distance. A very sharp edge due to a rib edge is indicated by a Sudden large change in pixel values or by many indistinguishable lines in a narrow region. Therefore, the outline of a nodule can be extracted by the analysis of contour lines represented on a polar coordinate System, i.e., by connecting to one curve based on a number of narrow regions with many contour lines. 0061. In the next step S40, nodule segmentation proceeds by identifying contour line bands, each band being a narrow region with many contour lines. Specifically, a band in the example shown in FIGS.3(a) and 3(b) is defined as a region with three or more continuous contour lines where the distance between adjacent contour lines is less than 6 pixels (1.05 mm). Then, in step S50 of FIG. 10, the outline of the nodule is determined based on the bands identified in step S40. In particular, nodule edges are determined at the upper 70% location from the bottom to the top of the band, which was determined empirically. If this distance is greater than 100 pixels (17.5 mm) from the center, then it is determined that no clear nodule edges exist. If there are two bands over the same angles, the nodule edge is considered to be included in the band closer to the contour lines, which had been defined from adjacent one-band regions. On the other hand, if nodule edges in Some radial directions can not be found, the nodule edges for all 36 radial directions is determined by interpolation of the nodule edges defined by the method above.
0062) The thick curves for the two nodules in FIGS. in FIG. 6(b) . Moreover, the difference between the mean pixel values of histograms for the inside and the outside regions for malignant nodules is generally larger than that for benign nodules. 0067. Features extracted included the effective diameter of a nodule outline, defined by the diameter of a circle with the same area as that of the outline. The degree of circularity was defined by the fraction of the overlap area of the circle with the nodule outline. The degree of ellipticity was defined in the same manner as the degree of circularity, by use of an ellipse instead of a circle fitted to the nodule outline. (See References 8 and 9) The degree of irregularity was defined by 1 minus the perimeter of the circle divided by the length of the nodule outline, whereas the degree of elliptical irregularity was computed by use of the perimeter of the fitted ellipse. The root-mean-Square variation and the first moment of the power Spectrum, which was obtained by use of Fourier transformation of the distance from the nodule outline to the fitted ellipse, were also defined. 0068 The magnitude of the line pattern components around the nodule was determined by use of a line enhance ment filter (see Reference 10), in a direction within 45 degrees of the radial line from the center of the ROI. The magnitude of edges around nodules was examined by the mean gradient. The radial gradient indeX was computed by the mean absolute value of the radial edge gradient projected along the radial direction (see Reference 11). The tangential gradient indeX was also computed by the mean absolute value of the tangential edge gradient projected along the tangential direction. The mean pixel value and the relative standard deviation were defined for both the inside and outside regions of the Segmented nodule. 0069. The overlap measures between two histograms were defined by the overlap area of gray-level histograms between the inside and outside regions of the Segmented nodule (FIG. 6) . In addition, the difference of the mean pixel value, the pixel value at the peak, the peak value, full width at half maximum (FWHM) (see Reference 12), and full width at tenth maximum for gray-level histograms for the inside and outside regions of the Segmented nodules were shows the relationship between the FWHM for the outside region and the Overlap measure on the background trend and the density-corrected image. The FWHM for malignant nodules tends to be greater than that for benign nodules, and the Overlap measure for malignant nodules tends to be leSS than for benign ones (see FIGS. 6(a) and 6(b)). FIG. 7(b) shows the relationship between the FWHM for the outside region and the contrast on the original image. The FWHM of malignant nodules tends to be greater than that of benign ones, and the contrast of malignant nodules tends to be greater than that of benign ones, which is Similar to the result shown in FIG. 7(a) . was used. Because the ANN requires a long computational time for training, LDA was employed as a quick way to preexamine the effectiveness of the Selected Seven features. The Seven features yielding relatively high AZ values by use of LDA were then used as input data to the ANN. This ANN had 7 input units, 4 hidden units, and one output unit. The number of hidden units was Selected to be the average of the numbers of input units and output units. The input data were normalized between 0 and 1.0. The output value of the ANN represents the likelihood of malignancy, with 1.0 for malig nancy and 0 for benignancy. A round-robin (leave-one-out) test (see Reference 17) was used for training and testing of the ANN and also of LDA. In this method, training was carried out for all cases except one in the database, and the one case not used for training was applied for testing with the trained ANN. This procedure was repeated until every case in the database was used once. LDA separates benign from malignant nodules by use of a hyperplane. The output value of LDA represents the distance of either a benign or a malignant nodule from the hyperplane. The output value of the LDA is normalized as the likelihood of malignancy Such that the minimum and the maximum value correspond to 0 and 1.0, respectively. The performance of the automated 0078. In Table 1 , features referenced are: (1) age, (2) root-mean Square variation of the power spectrum of the nodule contour, (3) obtained with the manual method in the previous study (see Reference 2 and PCT/US99/25998), whereas the AZ of the LDA with the same feature combination (combination a(1, 2,3,4,5,6,7) in Table 1 ) was 0.871. Five other combinations with the seven different features in Table 1 (1)- (7) for distinction between benign and malignant nodules was 0.872. The other five combinations with seven different features in Table 1 provided AZ values above 0.855. This result seems to indicate that it is difficult to optimize the performance of the computerized Scheme in distinguishing between benign and malignant nodules; also, a relatively high performance can be obtained with several different feature combinations.
Because the inventors did not try to find the best combina tion exhaustively, it may be possible to improve the perfor mance further with other combinations of existing features or by creating additional features in the future. In addition, LDA can be used instead of an ANN, as demonstrated by the inventors result that LDA provided slightly larger AZ values than did the ANN and LDA classifiers.
0082 FIGS. 8, 9(a) and 9(b) demonstrate that method of the present invention will be useful in assisting radiologists in their distinction between benign and malignant nodules. The shape of the ROC curves obtained with ANN and LDA for distinction between benign and malignant nodules in  FIG. 8 indicates that the false-positive fraction is about 0.5 and 0.4 at a true-positive fraction of 1.0, respectively. In fact, the likelihood of malignancy of ANN and LDA output for all malignant nodules was greater than 0.3 (FIG. 9(a) ) and 0.4 (FIG. 9(b) ), respectively. Therefore, a high sensitivity of 100% can be achieved by use of thresholds of 0.3 (ANN output) and 0.4 (LDA output). Accordingly, in step S90 of FIG. 10 , each likelihood of malignancy output in step S80 is compared with a respective threshold, Such as 0.3 for an ANN classifier output and 0.4 for an LDA classifier output, and in step S100, the nodule is determined to be non malignant when each likelihood of malignancy is less than its respective threshold. In this way, with the ANN classifier alone, about 50% of benign nodules can be correctly iden tified without removal of any malignant nodules. If the LDA output is used as shown in FIGS. 8 and 9(b), it is possible to identify correctly about 60% of benign nodules. In the inventors manual method (see Reference 2 and PCT/US99/ US 2002/0172403 A1 25998), the shape of the ROC curve was such that the false-positive fraction was almost 1.0 at a true-positive fraction of 1.0. This implies that it is difficult with the manual method to identify any benign nodules without removing any malignant nodules. With the new automated method, the performance for distinction between benign and malignant nodules is improved considerably. 0.083. The results obtained with the prior manual method (see Reference 2 and PCT/US99/25998) indicated that the AZ value by the prior computerized Scheme for distinguish ing benign from malignant nodules was 0.854, which was greater than that (0.727) obtained by radiologists alone. It is important to note that the AZ value obtained by radiologists was improved from 0.727 to 0.810 when the computer result (AZ=0.854) obtained with the prior manual method (see Reference 2 and PCT/US99/25998) was presented to them as a Second opinion. Therefore, it is expected that if the result (AZ=0.872 and 0.886 by use of an ANN and LDA, respectively) obtained with the automated method of the present invention would be used in an observer Study, the performance of radiologists would be further improved compared to the prior results. 0084. Application to Other Imaging Modalities 0085. The method of the present invention is also appli cable to CT images and has been applied to determine the likelihood of malignancy of pulmonary nodules on low-dose helical CT. To that end, the inventors employed a database consisting of 76 primary lung cancers and 413 benign nodules, which Were obtained from a lung cancer Screening on 7,847 screenees with a low-dose helical CT (25-50 mAS, 10 mm collimation, pitch 2, 10 mm reconstruction interval)
in Nagano, Japan. Primary lung cancers were proved by pathological diagnosis, and benign nodules were confirmed by diagnostic follow-up examinations or Surgery. With this automated computerized Scheme, the location of a nodule is first indicated by a radiologist. The nodule outline was determined automatically as above described, and forty three image features were determined from quantitative analysis of the outline, texture, and gray-level histogram on the Segmented nodule region. A linear discriminant analysis (LDA) was employed to distinguish benign from malignant nodules using 43 features and two clinical parameters (age and sex). (1, 2, 3, 4, 6) O.796 c (1, 2, 3, 4, 7) O.796 d (1, 2, 3, 6, 8) 0.795 e (1, 2, 3, 5, 9) 0.795 f(1,2,4,5,10) 0.795 0098. As shown in Table 2 , for combination (a), prelimi nary results indicated that the AZ value obtained by the computerized Scheme in distinguishing benign from malig nant nodules was 0.797, which was greater than the AZ value of 0.625 obtained by radiologist alone. Therefore, the auto mated computerized Scheme for determination of the like lihood of nodule malignancy is useful in assisting radiolo gists in their task of distinguishing between benign and malignant Solitary pulmonary nodules on low-dose helical CT. 0099. Although the data of No. 5, 984, 870 , it is expected that the merging of features derived from two different imaging modalities, in this case chest X-ray radiography and CT, as inputs into a common classifier will also be useful in obtaining an improved AZ value. To that end, according to a further embodiment of the present invention, there is provided a method including obtaining from chest X-ray radiography imaging and CT imaging modalities respective digital images of a same portion of the anatomy; identifying in the respective digital images a nodule common to each image; Segmenting the nodule identified in each digital image to obtain an outline of the nodule in the respective image, including, for each digital image, generating a difference image from the digital image, identifying image intensity contour lines representa tive of respective image intensities in a region of interest including the nodule, and obtaining an outline of the nodule based on the image intensity contours, extracting, for each of Said digital images, at least one feature of the nodule in the respective image based on the outline; merging plural features including the features extracted from the two digital images derived from chest X-ray radiography imaging and CT imaging modalities, as inputs to a common image classifier to characterize Said nodule based on the merged plurality of extracted features and determine a likelihood of malignancy of the nodule based on an output of the common image classifier. It is anticipated that best results will be obtained by merging features above identified in regard to the chest X-ray and CT imaging modalities, with the features employed in Tables 1 and 2 giving best results using LDA or ANN classifiers.
0101 Computer and System 0102) This invention conveniently may be implemented using a conventional general purpose computer or micro processor programmed according to the teachings of the present invention, as will be apparent to those skilled in the computer art. Appropriate Software can readily be prepared by programmers of ordinary skill based on the teachings of the present disclosure, as will be apparent to those skilled in 0106 Numerous modifications and variations of the present invention are possible in light of the above teach ings. It is therefore to be understood that within the scope of the appended claims, the invention may be practiced other wise than as Specifically described herein.
What is claimed as new and desired to be secured by letters
Patent of the United States is:
1. A method for analyzing a nodule, comprising: obtaining a digital image including the nodule, Segmenting the nodule to obtain an outline of the nodule, comprising, generating a difference image from chest image, identifying image intensity contour lines representative of respective image intensities in a region of interest including the nodule, and obtaining an outline of the nodule based on the image intensity contours. 2. The method of claim 1, wherein the obtaining step comprises:
determining a band of contours including at least three adjacent contours which are separated from each other by less than a predetermined distance, and identifying Said nodule outline as being within Said band of con tourS.
3. The method of claim 2, wherein the obtaining an outline Step comprises:
determining at least a portion of Said contour to be at an upper location from the bottom to the top of the band. 4. The method of claim 3, wherein the obtaining an outline Step comprises:
determining at least a portion of Said contour to be at an upper 70% location from the bottom to the top of the band.
5. The method of claim 1, further comprising: extracting features of the nodule based on the outline; applying features including the extracted features to at least one image classifier; and determining a likelihood of malignancy of the nodule based on an output of the at least one image classifier. 6. The method of claim 1, further comprising: extracting features of the nodule based on the outline; applying features including the extracted features to an artificial neural network classifier; and determining a likelihood of malignancy of the nodule based on an output of artificial neural network classi fier.
7. The method of claim 6, wherein said determining a likelihood of malignancy Step comprises:
comparing the output of the artificial neural network classifier with a predetermined threshold; and determining the nodule to be non-malignant when the output of the artificial neural network classifier is leSS than Said predetermined threshold. 8. The method of claim 1, further comprising: extracting features of the nodule based on the outline; applying features including the extracted features to a linear discriminant analysis classifier; and determining a likelihood of malignancy of the nodule based on an output of the linear discriminant analysis classifier.
9. The method of claim 8, wherein said determining a likelihood of malignancy Step comprises:
comparing the output of the linear discriminant analysis classifier with a predetermined threshold; and determining the nodule to be non-malignant when the output of the linear discriminant analysis classifier is less than Said predetermined threshold. 10. The method of claim 1, further comprising: extracting features of the nodule based on the outline; applying features including the extracted features to an artificial neural network classifier and to a linear dis criminant analysis classifier; and determining a likelihood of malignancy of the nodule based on outputs of the artificial neural network clas sifier and the linear discriminant analysis classifier. 11. The method of claim 10, wherein said determining a likelihood of malignancy Step comprises:
comparing the outputs of the artificial neural network classifier and the linear discriminant analysis classifier with respective predetermined thresholds, and determining the nodule to be non-malignant when the both the outputs of the artificial neural network classi fier and the linear discriminant analysis classifier are less than Said respective predetermined thresholds.
12. The method of claims 6, 7, 8, 9, 10, or 11, wherein: the Step of obtaining a digital image comprises obtaining a digital chest radiographic image including the nodule;
value for inside region of the Segmented nodule on the CT image; and (10) first moment of the power spectrum of the nodule contour.
28. The method of any one of claims 1-5, comprising: Said
Step of obtaining a digital image including a nodule comprising obtaining from X-ray imaging and CT imaging modalities respective digital images of a same portion of the anatomy in which a common nodule is identified in each image; Said Segmenting Step comprising Segmenting the nodule identified in each digital image to obtain an outline of the nodule in each respective image; extracting, for each of Said digital images, at least one feature of the nodule in the respective image based on the outline; and merging plural features including the features extracted from the two digital images derived from X-ray imaging and CT imaging modalities, as inputs to a common image classifier to characterize Said nodule based on the merged plurality of extracted features and deter mine a likelihood of malignancy of the nodule based on an output of the common image classifier. 29. A computer readable medium Storing computer pro gram instructions for analyzing a nodule, which when used to program a computer cause the computer to perform the steps of any one of claims 1-11, 19 and 20. 30 
